This experiment was conducted to study the effects of drinking water supplementation of synbiotic product PoultryStar R sol (containing Lactobacillus reuteri, Bifidobacterium animalis, Pediococcus acidilactici, Enterococcus faecium, and fructooligosaccharide) in laying hens with and without a Salmonella challenge. A total of 384 one-day-old layer chicks were randomly distributed to the drinking water synbiotic supplementation or control groups. At 14 wk of age, the birds were vaccinated with a Salmonella vaccine, resulting in a 2 (control and synbiotic) X 2 (non-vaccinated and vaccinated) factorial arrangement. At 24 wk of age, half of the birds in the vaccinated groups and all the birds that were not vaccinated were challenged with Salmonella Enterica serotype Enteritidis, resulting in a 3 (vaccinated, challenged, vaccinated+challenged) X 2 (control and synbiotic) factorial arrangment. At 8 d post-Salmonella challenge, synbiotic supplementation decreased (P = 0.04) cecal S. Enteritidis in the challenge group compared to the un-supplemented challenge group. Birds that were supplemented with synbiotic in the vaccine + challenge group had significantly greater cecal B. animalis and P. acidilactici percentage at 10 d post-Salmonella challenge than the birds in the vaccine + challenge group without synbiotic supplementation. At 3 d postSalmonella challenge, birds that were supplemented with synbiotic in the challenge group had significantly greater cecal L. reuteri percentage than the birds in the challenge group without synbiotic supplementation. At 17 d post-Salmonella challenge, synbiotic supplementation increased bile anti-Salmonella IgA in the challenge group compared to the birds in the challenge group without synbiotic supplementation by 76.0%. At 10 d (P < 0.01) and 30 d (P = 0.05) post-Salmonella challenge, synbiotic supplementation decreased LITAF mRNA expression compared to the un-supplemented groups. At 3 d post-Salmonella challenge, synbiotic supplementation in the vaccine group had longer jejunal villi compared to the vaccine group without synbiotic supplementation. This experiment demonstrated that drinking water supplementation of the synbiotic product evaluated can significantly manipulate immune response and intestinal microbiota of laying hens postSalmonella challenge to handle the challenge effectively.
INTRODUCTION
Salmonella infection in humans, known also as salmonellosis, includes symptoms such as diarrhea, fever, vomiting, and in some cases, even death (Cianflone, 2008) . In the United States, there are over 40,000 reported cases of Salmonella infection in humans and 400 deaths reported annually (Fabrega and Vila, 2013) . Salmonella colonizes within the intestines of poultry and can be transferred to humans through the contamination of chicken intestinal contents spilling on the meat or from egg shell contamination (Braden, 2006; Pires et al., 2014) . Salmonella enterica serotype Enteritidis represents one of the most common serotypes of Salmonella associated with salmonellosis (Andino and Hanning, 2015) .
S. Enteritidis is most commonly transmitted between poultry from fecal-oral route, although vertical transmission is also possible (Gantois et al., 2009) . S. Enteritidis results in few clinical effects in chickens, but the immunological effects of the infection in chickens have been thoroughly reported (Sheela et al., 2003; Andino and Hanning, 2015) . S. Enteritidis activates the innate immune system, resulting in the proliferation of immune cells such as macrophages, heterophils, 3510 granulocytes, and dendritic cells (Hurley et al., 2014) . Additionally, the role of adaptive immune system is crucial for decreasing S. Enteritidis colonization (Sheela et al., 2003) . S. Enteritidis infection in chickens is correlated with increased levels of mucosal IgA antibodies, serum IgG antibodies, and intestinal-associated T cells (Sheela et al., 2003) . Correspondingly, S. Enteritidis infection is associated with increased mRNA amounts of inflammatory cytokines LITAF and IL-12 in the cecum (Berndt et al., 2007) . Furthermore, S. Enteritidis can stimulate the suppressive cytokine, IL-10, as a strategy to manipulate the host's defense system to allow the bacteria to colonize and withstand clearance from host immune cells (Ghebremicael et al., 2008) .
In the egg industry, the recent increase in laying hens reared in cage-free environments has further increased risk of bacterial contamination (Whiley and Ross, 2015) . Vaccines have become one strategy for decreasing Salmonella colonization in chickens. Yet Salmonella vaccines are not fully effective and are therefore often used in conjunction with feed additives such as probiotics and or prebiotics (Davies and Breslin, 2003; Patterson and Burkholder, 2003) . The World Health Organization (2001) defines probiotics as "live microorganisms which when administered in adequate amounts confer a health benefit on the host." Probiotics can benefit the host through several mechanisms including inhibition of pathogenic bacteria through competitive exclusion, production of bacteriostatic and bactericidal substances against pathogens, and enhancement of host immunity (van Der Wielen et al., 2000; Yang et al., 2012; Lawley and Walker, 2013) . The term prebiotic is defined by the Food and Agriculture Organization of the United Nations as "a non-viable food component that confers a health benefit on the host associated with modulation of the microbiota" (Pineiro et al., 2008) . Synbiotics are feed additives that consist of the combination of both probiotics and prebiotics, and can act in synergy to improve animal health (Dunislawska et al., 2017) .
Despite consensus that both probiotics and prebiotics can benefit the health of animals, the effects of differing combinations of prebiotics and probiotic species on the chicken immune system and the intestinal microbiota remains unclear. Furthermore, effects of synbiotics can vary depending on supplementation method, such as in-feed or drinking water supplementation (Karimi Torshizi et al., 2010) . The present study analyzed the effects of supplementation of a drinking water synbiotic product, PoultryStar R sol (containing Lactobacillus reuteri, Bifidobacterium animalis, Pediococcus acidilactici, Enterococcus faecium, and fructo-oligosaccharide), in laying hens with and without a Salmonella challenge. Cecal microbiota, Salmonella-specific IgA and IgG antibodies, cecal tonsil LITAF and IL-10 cytokine mRNA expression, and jejunal villi length and crypt depth were analyzed to assess the intestinal health of the poultry.
MATERIALS AND METHODS

Birds
Day old White Leghorn chicks (n = 384; Hy-Line North America; Johnstown, OH) were provided ad libitum intake of water and feed, housed in cages (pullet and layer), and raised using standard animal husbandry practices. All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at The Ohio State University. The birds were housed in pullet cages for the first 12 wk, after which they were transferred to layer cages (two birds per cage). At wk 18, the light hours were increased gradually from six h to 16 h to stimulate production.
Treatments
The birds were fed a layer starter diet between 0 to 8 wk of age, a layer grower diet between 8 to 18 wk of age, and a layer diet between 18 to 28 wk. A total of 384 one-day-old layer chicks were randomly distributed to the drinking water synbiotic supplementation or control groups. Birds allotted to the drinking water synbiotic treatment groups received synbiotic product (20 mg per bird per day) from 0 to 3 days of age and for the 3 days directly following each feed change and the Salmonella vaccine and challenge (PoultryStar R sol, BIOMIN America, Kansas City, KS).
Vaccination
At 14 wk of age, half the birds in each group were vaccinated with a S. Enteritidis vaccine resulting in a 2 (control and synbiotic supplementation) X 2 (vaccinated and non-vaccinated group) factorial arrangement of treatments. Birds were vaccinated subcutaneously with 0.3 cc of S. Enteritidis vaccine (Poulvac R SE, Zoetis, Florham Park, NJ) at 14 wk of age, with a booster dose at 17 wk of age as reported previously (Luoma et al., 2017) .
Salmonella Challenge
At 24 wk of age, half of the birds in the vaccinated groups and all the birds that were not vaccinated were challenged via an oral gavage with 250 μl of 1 × 10 9 CFU S. Enteritidis per bird. A primary isolate of wild-type S. Enteritidis was used for the challenge (Luoma et al., 2017) . S. Enteritidis was grown in tryptic soy broth for 12 hours. The cells were washed three times with PBS followed by centrifugation (3,000xg), and the concentration of the bacteria in the media was estimated spectrophotometrically at 600 nm until the concentration of the bacteria reached approximately 1 × 10 9 CFU/ml. The concentration of the bacteria was further confirmed by serial dilution plating of the inoculum on Xylose Lysine Tergitol-4 (XLT) agar plates.
Sample Collections
Body weight was measured at 14 to 28 wk of age. Eggs were collected and recorded daily from day of first egg until the end of the study. At 5 d pre-Salmonella challenge and 3, 8, 10, 17, 22, 24 , and 30 d postSalmonella challenge, one bird was randomly chosen from six of the replications for sample collection. Birds were killed via cervical dislocation for collection of cecal content, cecal tonsils, bile, plasma, and jejunum samples.
Effect of Drinking Water Synbiotic Supplementation on Bacterial Analysis of Cecal Content
Cecal contents were collected in 2 ml Eppendorf tubes and frozen at 80
• C until use. Cecal contents (0.10 g) were diluted in 1 mL of sterile PBS and centrifuged at 18,000xg for two minutes to remove debris. The pellet was then resuspended in EDTA and treated with lysozyme (20 mg/ml) for 45 minutes at 37
• C. After incubation, samples were centrifuged at 18,000xg for two minutes and supernatant discarded. Samples were then treated with lysis buffer and Proteinase K (10 mg/ml) for five minutes at 80
• C. 6 M NaCl and isopropanol were added to the cell lysate and centrifuged at 18,000xg for two minutes. DNA pellets were resuspended and washed in 70% ethanol and then resuspended in TE buffer. Extracted DNA samples were stored at −20
• C (Luoma et al., 2017) . Cecal microflora was analyzed by real-time PCR (Amit-Romach et al., 2004) . The annealing temperature for cecal microbiota primers was 55.0
• C. Primers are described in 
Effect of Drinking Water Synbiotic Supplementation on LITAF and IL-10 mRNA Expression in the Cecal Tonsils
Cecal tonsils were collected in 2 ml Eppendorf tubes filled with 1 ml of RNAlater (Qiagen). Samples were kept at 4
• C for seven days, then excess RNAlater was removed from tubes and samples were stored at 80
• C until use. The RNA collected from cecal tonsils was reverse transcribed into cDNA (Selvaraj and Klasing, 2006) . The mRNA was analyzed for LITAF and IL-10 by real-time PCR (iCycler, BioRad, Hercules, CA) using SyBr green after normalizing for β-actin mRNA. Primers are described in Table 1 . The annealing temperature for IL-10 was 57.5
• C. The annealing temperature for LITAF and β-actin was 57
• C. Fold change from the reference was calculated using the 2 (Ct Sample-Housekeeping) /2 (CtReference-Housekeeping) comparative Ct method, where Ct is the threshold cycle (Schmittgen and Livak, 2008) . The Ct was determined by iQ5 software (Biorad) when the fluorescence rises exponentially 2-fold above the background.
Effect of Drinking Water Synbiotic Supplementation on Anti-Salmonella IgA and IgG Antibody Titers
Bile and plasma were collected in 2 ml Eppendorf tubes and stored at −20
• C until use. Salmonellaspecific IgA and IgG titers in the chicken bile and plasma were analyzed using an enzyme-linked immunosorbent assay (ELISA) as described previously (Luoma et al., 2017) . Reagent concentrations were established using checkerboard titrations with dilutions of plasma, bile, antigens, and conjugates. Salmonella from a pure culture was lysed two times by glass beads size 425 to 600 μm (Sigma, St. Louis, MO) in a TissueLyser LT (Qiagen Hilder, Germany) for 5 min at 50 1/s, for use as antigen to coat the wells of the microtiter plates. Flat-bottomed 96-well microtitration plates were coated with 80.0 μl of the antigen (1.09 ug/ml) diluted in 0.1 M carbonate buffer and incubated overnight at 4
• C. The plates were washed three times with PBS-Tween 20 (50 mM Tris, pH 7.4, containing 150 mM sodium chloride and 0.05% Tween 20). To prevent non-specific binding, wells were blocked with PBSTween 20-2.5% nonfat dry milk incubated for one h at 37
• C. For IgA analysis, the plasma was diluted to 1:10 and the bile was diluted to 1:200 in PBS-Tween 20-2.5% nonfat dry milk, added to the plates in duplicates (100 μl/well), and incubated for 1 h at room temperature. After washing, HRP-labeled anti-chicken IgA diluted 1:100,000 in PBS-Tween 20-2.5% nonfat dry milk was added to each well (100 μl/well) and incubated for 1 h at room temperature. For IgG analysis, HRPlabeled anti-chicken IgG was diluted 1:25,000 in PBSTween 20-2.5% nonfat dry milk, added to each well (100 μl/well), and incubated for 1 h at room temperature. After washing, peroxidase activity was revealed by adding 100 μl of TMB solution (3 M sodium acetate, TMB, hydrogen peroxide). The reaction was blocked by adding 100 μl of 2 M sulfuric acid and the optical density (OD) value was measured at 490 nm in a microplate reader. The baseline OD value was set at 0 for anti-Salmonella IgA and 0.02 for anti-Salmonella IgG, based on the average OD values from chicken bile and plasma samples (n = 6) pre-Salmonella vaccination and pre-Salmonella challenge. 
Effect of Drinking Water Synbiotic Supplementation on Jejunal Villi Length and Crypt Depth
Jejunum samples were collected from the end of the duodenal loop and before the Meckel's diverticulum and stored in 10% formalin. Samples were dehydrated at room temperature in a graded series of alcohols (15 min in 50% ethanol, 15 min in 70% ethanol, 15 min in 96% ethanol, 30 min in 100% ethanol with one change at 15 min), cleared in Pro-par (Anatech, Battle Creek, MI) for 45 min with two changes at 15 and 30 min, and infiltrated with paraffin at 60
• C overnight with one change at 15 min using a Leica TP 1020 tissue 45 processor (GMI Inc., Ramsey, MN). Paraffin blocks were cut into 5 μm cross-sections and mounted on frosted slides. Slides were then stained with hematoxylin and eosin (Velleman et al., 1998) . Cross sections were viewed using CellSens Imaging software (Olympus America, Central Valley, PA) to measure villi length and crypt depth. Five villi and crypts per section and five sections per sample were analyzed, resulting in a total of 25 villi and crypts per bird.
Statistical Analysis
The experiment was expressed as a 3 (vaccinated, challenged, vaccinated+challenged) X 2 (control and synbiotic) factorial arrangement. The number of replication was six birds for all the treatment groups postSalmonella infection (n = 6). A two-way ANOVA was used to examine the interaction effects of vaccination X synbiotic on dependent variables collected between 14 wk to 24 wk of age. A two-way ANOVA was used to examine the interaction effects of vaccination/challenge X synbiotic on dependent variables collected between 24 wk to 28 wk. When the interaction effects were not significant (P > 0.05), the main effects of synbiotic were analyzed. When interaction or main effects were significant (P ≤ 0.05), differences between means were analyzed by Tukey's Honest Significant Difference Test.
RESULTS
Effect of Drinking Water Synbiotic Supplementation on Body Weight Gain and Weekly Hen Day Egg Production (HDEP)
There were no significant interaction or main effects of synbiotic supplementation (P > 0.05) on body weight gain or weekly HDEP between 14 to 28 wk of age.
Effect of Drinking Water Synbiotic Supplementation on Relative Percentage of S. Enteritidis in Cecal Content
S. Enteritidis was detected in the cecal content at 3 and 8 d post-Salmonella challenge (Figure 1 ). There were no significant interaction effects between the synbiotic supplementation and treatments at 3 d (P = 0.28) post-Salmonella challenge. At 8 d postSalmonella challenge, synbiotic supplementation in the challenge treatment decreased (P = 0.04) cecal S. enteritidis compared to the un-supplemented challenge treatment. Enteritidis is presented where the total of the examined bacteria was set at 100%. Bars (+SE) with no common superscript differ (P ≤ 0.05). P values: Day 3, Synbiotic P = 0.27, Treatment P = 0.03, Synbiotic X Treatment P = 0.28. Day 8, Synbiotic P = 0.05, Treatment P = 0.04, Synbiotic X Treatment P = 0.04. challenge (P = 0.03) ( Table 2 ). Birds that were supplemented with synbiotic in the vaccine + challenge group had significantly greater cecal B. animalis percentage and cecal P. acidilactici percentage at 10 d post-Salmonella challenge than the birds in the vaccine + challenge group without synbiotic supplementation. At 3 d post-Salmonella challenge, birds that were supplemented with synbiotic in the challenge group had significantly greater cecal L. reuteri percentage than the birds in the challenge group without synbiotic supplementation. There were no significant interaction or main effects of synbiotic supplementation on E. faecium in the cecal content.
Effect of Drinking Water Synbiotic Supplementation on Bile and Plasma Anti-Salmonella IgA and IgG Titers
There were significant interaction effects between the synbiotic supplementation and treatments at 17 and There were significant (P < 0.01) interaction effects between the synbiotic supplementation and treatments at 8, 10, 24, and 30 d post-Salmonella challenge on plasma anti-Salmonella IgA titers (Table 3) . At 8, 10, 24, and 30 d post-Salmonella challenge, synbiotic supplementation increased plasma anti-Salmonella IgA in the challenge group compared to the birds in the challenge group without synbiotic supplementation by 94.4%, 94.3%, 73.7% and 80.8%, respectively. At 8 and 10 d post-Salmonella challenge, 1 Plasma samples were collected at 8, 10, 24, and 30 d post-Salmonella challenge and analyzed for Salmonella-specific IgA titers through ELISA, and results are reported as average optical density (OD) values. The baseline OD value was set at 0 for anti-Salmonella IgA, based on the average OD values from chicken plasma samples (n = 6) pre-Salmonella vaccination and pre-Salmonella challenge. OD values with no common letters in the superscript differ (P ≤ 0.05). Trt = Treatment, Syn = Synbiotic, V = Vaccine, C = Challenge, V+C = Vaccine + Challenge. synbiotic supplementation increased plasma antiSalmonella IgA in the vaccine group compared to the vaccine group without synbiotic supplementation by 93.8% and 98.5%, respectively. There were no significant interaction (P > 0.05) effects between the synbiotic supplementation and treatments on plasma antiSalmonella IgG titers.
Effect of Drinking Water Synbiotic Supplementation on Cecal Tonsil LITAF and IL-10 mRNA Amounts
At 10 and 30 d post-Salmonella challenge, there were no significant interaction (P > 0.05) effects between the synbiotic supplementation and treatments on cecal tonsil LITAF mRNA expression (Figure 3 ). At 10 (P < 0.01) and 30 (P = 0.05) d post-Salmonella challenge, there were significant main synbiotic effects, in that synbiotic supplementation decreased overall LITAF mRNA expression compared to the un-supplemented groups by 98.5% and 89.9%, respectively. At 10 d post-Salmonella challenge, there were no significant interaction (P > 0.05) effects between the synbiotic supplementation and treatments on IL-10 mRNA expression (Figure 4) . At 10 d post-Salmonella challenge, there was a significant main synbiotic effect (P = 0.04), in that synbiotic supplementation decreased overall IL-10 mRNA expression compared to the un-supplemented groups by 56.8%. At 30 d postSalmonella challenge, there was a significant interaction effect, in that synbiotic supplementation in the vaccine + challenge group had decreased (P < 0.01) IL-10 mRNA expression by 87.2% compared to the vaccine + challenge group without supplementation (Figure 4) .
Effect of Drinking Water Synbiotic Supplementation on Jejunal Villi Length and Crypt Depth
There was a significant interaction (P = 0.05) effect between the synbiotic supplementation and treatments at 3 d post-Salmonella challenge on jejunal villi length ( Figure 5) . At 3 d post-Salmonella challenge, synbiotic supplementation in the vaccine group had longer villi compared to the vaccine group without synbiotic supplementation by 28.6%. There were no significant interaction or main effects on crypt depth. 
DISCUSSION
The results of this experiment express that drinking water synbiotic supplementation significantly modulates the anti-Salmonella immune response and decreases Salmonella colonization in laying hens. The present study did not observe significant effects on drinking water synbiotic supplementation on body weight and weekly HDEP. Contrarily, Luoma et al. (2017) reported that laying hens supplemented with the same probiotic species significantly increased body weight and weekly HDEP (Luoma et al., 2017) . The differences in results may be due to the supplementation method. Luoma et al. (2017) supplemented synbiotics daily within the feed, whereas the current experiment supplemented synbiotics in drinking water and only during feed changes, vaccination, and Salmonella challenge.
The present study utilized real-time PCR to analyze the relative percentage of S. Enteritidis in the cecal content and identified S. Enteritidis at 3 and 8 d post-challenge. The results showed that the synbiotic supplementation decreased (P = 0.04) the relative percentage of cecal Salmonella in the challenge treatment group compared to the challenge treatment without supplementation. The vaccine + challenge group had numerically lower relative percentage of cecal Salmonella in the supplemented groups compared to the un-supplemented group. Probiotics have previously shown to be effective in decreasing Salmonella in chickens (Tellez et al., 2012) . This effect is likely due to a combination of mechanisms of probiotics, including competitive exclusion, enhancement of immune response, and production of antimicrobial substances (van Der Wielen et al., 2000; Yang et al., 2012; Lawley and Walker, 2013) . However, the effects of probiotics can vary depending on probiotic strains and concentration (Lutful Kabir, 2009 ).
The present experiment also analyzed relative percentage of the supplemented probiotics (L. reuteri, B. animalis, P. acidilactici, and E. faecium) in the cecal content. The cecal content was analyzed because the cecum contains the greatest density of bacteria within the intestines (Pan and Yu, 2014) . L. reuteri, B. animalis, and P. acidilactici were consistently present in the cecal content of the birds supplemented with drinking water synbiotic product. Luoma et al. (2017) observed similar results in chickens vaccinated for Salmonella, challenged, and treated with in-feed synbiotic product. (Luoma et al., 2017) . The results of the current experiment were also similar to Luoma et al. (2017) , in that E. faecium was not detected in the cecal content. Additional studies may be beneficial in assessing if there are any significant effects of E. faecium in chickens challenged with Salmonella.
Drinking water synbiotic supplementation significantly increased bile and plasma anti-Salmonella IgA titers in laying hens with and without Salmonella infection. It is particularly interesting that at 8, 10, 24, and 30 d post-challenge, the challenge group supplemented with synbiotics had the highest Salmonellaspecific plasma IgA titers. It is plausible that the lower IgA titers in the vaccine + challenge group may be due to the decreased cecal Salmonella colonization in the vaccinated + challenge group compared to the challenge group. Van Immerseel et al. (2002) observed increases in lymphocyte proliferation as early as 48 h post-Salmonella challenge in chickens. Therefore, it is possible that an increase in IgA titers in the vaccine + challenge group may have been observed if samples were collected earlier than 3 d post-challenge. Luoma et al. (2017) reported higher Salmonellaspecific IgA titers in vaccinated laying hens challenged with Salmonella and supplemented with B. animalis, E. faecium, P. acidilactici, and L. reuteri in the feed as opposed to in the drinking water. Revolledo et al. (2009) found that broiler chickens infected with Salmonella and supplemented with a probiotic combination of 12 strains of Lactobacilli, five strains of Enterococcus, and one strain of Bifidobacteria had increased IgA titers within the intestine compared to both challenged and unchallenged birds without probiotic supplementation. Secretory IgA serves as the first line of defense against pathogens within the intestines by preventing pathogenic bacteria from adhering to the intestinal wall and colonizing (Mantis et al., 2011) . Increased IgA titers observed in the present experiment likely contributed to the decreased Salmonella infection within the chicken intestines.
The mRNA expression of inflammatory and antiinflammatory cytokines within the cecal tonsils were analyzed. Both vaccinations and Salmonella challenges have previously shown to increase inflammatory cytokine expression in chickens (Penha Filho et al., 2012) . Significant main effects (P < 0.05) were observed in the present experiment, in that the drinking water synbiotic supplementation decreased LITAF and IL-10 mRNA expression in laying hens with and without Salmonella infection. The effects of probiotics decreasing inflammation have been well-studied (Lin et al., 2008) .
However, in addition to decreased mRNA expression of the inflammatory cytokine LITAF, the results showed decreased mRNA expression of the anti-inflammatory IL-10 cytokine at 10 and 30 d post-challenge. Many species of lactic acid bacteria can inhibit NF-κB activation, resulting in an increase in anti-inflammatory cytokine IL-10 (de Moreno de LeBlanc et al., 2011) . A possible reason for the decrease of IL-10 mRNA expression seen in this study may be due to the decrease of Salmonella infection in the chickens. Salmonella infection in chickens is correlated with an increase in IL-10 possibly due to a defense mechanism against the host by Salmonella (Ghebremicael et al., 2008) .
The effects of drinking water synbiotic supplementation on jejunal villi length and crypt depth were examined to further analyze intestinal health postSalmonella challenge. Borsoi et al. (2011) measured cecal villus height and crypt depth in broiler chicks at 3 d post-Salmonella challenge and found shorter villi lengths and greater crypt depths compared to unchallenged chicks. Significant interaction effects (P < 0.05) were observed at 3 d post-Salmonella challenge, in that the synbiotic supplementation in the vaccine group had longer villi compared to the vaccine group without supplementation. Aliakbarpour et al. (2012) observed that in-feed supplementation of lactic acid bacteria correlated with increased average villi length in 6-week old broilers. Longer villi lengths and shorter crypt depths are positively correlated with absorption due to increased epithelial surface area and reduced turnover rate (Shang et al., 2015) .
The combination of prebiotics and probiotics (synbiotics) is theorized to act in synergy in improving animal health, because prebiotics act as nutrients for probiotics, thereby increasing probiotic survivability (Dunislawska et al., 2017) . Several studies analyzing probiotic supplementation on intestinal infection in broilers reported that drinking water probiotic supplementation was more effective than in-feed probiotic supplementation in enhancing health (Karimi Torshizi et al., 2010; Ritzi et al., 2014) . The combined results of the present experiment demonstrate that drinking water supplementation of the synbiotic product PoultrySol R (containing L. reuteri, B. animalis, P. acidilactici, E. faecium and fructo-oligosaccharide) can significantly regulate immune response and intestinal microbiota of laying hens with and without a Salmonella challenge.
